We theoretically studied a nonlinear optical process in a hybrid plasmonic waveguide composed of a nonlinear dielectric waveguide and a metal film with a separation of a thin air gap. Owing to the hybridization effect of guided mode and surface plasmon polariton mode, this particular waveguide is able to confine the optical-field in a deep subwavelength scale together with low propagation loss. Based on this, efficient second-harmonic generations (SHG) were revealed at the fundamental wavelength of λ ¼ 1:55 μm with good field confinement. The SHG efficiency, as well as the coupling coefficient and mode area, were analyzed and discussed in detail with respect to the structural parameters. © 2011 Optical Society of America OCIS codes: 240.6680, 190.4410, 230.7370, 230.7405. Surface plasmon polariton (SPP), as a promising candidate that merges electrons and photons, provides possible approaches to confine the optical-field in the subwavelength scale, and therefore suggests potential applications in future nanophotonic integrations. Many fundamental components of plasmonic circuits, including directional couplers, Mach-Zehnder interferometers and ring resonators, have been successfully realized to manipulate optical signals in the nanoscale [1] [2] [3] . However, a full implement of nanophotonic integration reasonably requires the incorporation of nonlinear optics for signal process (e.g., optical switches [4]). Then, nonlinear effects in plasmonic systems are getting to attract increasing attention for tunable photonic manipulations [5] [6] [7] .
Surface plasmon polariton (SPP), as a promising candidate that merges electrons and photons, provides possible approaches to confine the optical-field in the subwavelength scale, and therefore suggests potential applications in future nanophotonic integrations. Many fundamental components of plasmonic circuits, including directional couplers, Mach-Zehnder interferometers and ring resonators, have been successfully realized to manipulate optical signals in the nanoscale [1] [2] [3] . However, a full implement of nanophotonic integration reasonably requires the incorporation of nonlinear optics for signal process (e.g., optical switches [4] ). Then, nonlinear effects in plasmonic systems are getting to attract increasing attention for tunable photonic manipulations [5] [6] [7] .
To date, most of these proposed structures are designed in planar with only one-dimensional (1D) field confinement, making them impractical for applications in plasmonic integration. A major reason is that further confinement in planar dimension will inevitably increase the propagating loss of the SPP wave and dramatically lower down the nonlinear conversion efficiency. In fact, this problem has been widely analyzed in passive plasmonic waveguides of various types [8, 9] . A well-defined configuration so-called dielectric-loaded waveguide was proved to have advantages in optimizing the subwavelength confinement and long propagation distance [9] . A more exciting structural development was made by Zhang et al. by introducing a low-index medium as a small gap between the high-index dielectric nanowire and metal surface [10] , with which a deep subwavelength plasmonic laser was achieved [11] .
In this Letter, we propose a similar structure as in [10] , containing a nonlinear dielectric waveguide, to realize an efficient nonlinear optical process with two-dimensional (2D) confinement in subwavelength scale. Specifically, we investigate the second-harmonic generation (SHG) in this structure with the aid of quasi-phase-matching (QPM) technique [12] . It is found that, utilizing this structure, we are able to realize efficient SHG within a short propagation distance, which would be of great importance in future nanophotonic modulations. To make an in-depth recognition of the SHG process in this hybrid waveguide, the influence of the structural parameters is analyzed in detail.
Figure 1(a) shows the schematic of the nonlinear hybrid waveguide. The structure is composed of a rectangular LiNbO 3 (LN) nonlinear waveguide and a silver film, separated by a thin air gap. The c-axis of LN is orientated along the z-direction and is periodically poled with the domain wall perpendicular to the x-direction. Since E z is the key component getting involved in the nonlinear process in such a configuration, we simulated the field distributions for the fundamental frequency (FF) (1550 nm) and the second-harmonic (SH) (775 nm) using COMSOL 3.5, as shown in Figs wave, due to the strong coupling of the evanescent fields of the SPP and the guided mode of LN waveguide, an SPPlike hybrid mode comes into being with the majority energy concentrated inside the air gap [10, 13] . This mode successfully reduces the absorption loss while maintaining a very small mode area. The normalized mode area [10] (NMA, mode area divided by diffraction-limited area in free space) of FF is about 0.2, far below the diffraction limit in a vacuum. As for the SH wave, the coupling between the metal and the crystal becomes weaker due to its smaller wavelength, which results in a waveguidelike hybrid mode with more field concentrated inside the LN part [10, 13] . This mode even has lower loss than the FF one since the field penetrated inside the metal part is further decreased. One point should be stressed here is that both the SPP-like and waveguide-like hybrid modes have much smaller losses than the pure SPP one.
To more clearly illustrate the property of the modeoverlap between the FF and SH, we plot the mode profiles correspondingly in Fig. 2(a) . The hybridization features of mode profiles analog to [10] are clearly manifested, showing considerable mode-overlap inside the LN part, though one is SPP-like and the other is waveguide-like. Figure 2(b) shows the intensity evolutions of FF and SH by numerically solving the coupled wave equations [5, 6] . The incident power of FF is 1 W, and the power intensity is estimated to be about 400 MW=cm Fig. 2(b) , we can see that the SH reaches its maximum at the propagation distance of about 1 mm, where the conversion efficiency is about 1.3%. Although the localfield enhancement of SPP-like FF does not contribute a lot in the frequency conversion process (because the enhancement effect occurs inside the air gap instead of in the nonlinear LN for FF), the conversion efficiency still gets greatly improved compared to previous reports [5] [6] [7] due to the low absorption.
In the following, we will get to detailed analyses of the influences of structural parameters on the SHG effect. In Fig. 3 , the propagation length, coupling coefficient (only taking the overlap integral of the field of FF and SH into account), SHG efficiency, normalized mode area of FF, and the position when SH gets its maximum (defined as peak position) versus the gap thickness are plotted. During the calculation, the poling periods of LN vary correspondingly to satisfy the QPM condition for all cases and the incident FF power was fixed to be 1 W. When the air gap thickness increases, the field inside the LN part for SH will increase correspondingly due to the weakened coupling between the waveguide and SPP modes, while the FF field will concentrate more into the air gap. These opposite evolutions of FF and SH field distributions make the field overlap changing little, resulting in a small range of the coupling coefficient [only 2:0-2:4, as shown in Fig. 3(b) ]. However, the propagation length of both FF and SH increase monotonically due to less loss [see Fig. 3(a) ]. Since more energy of FF can be transferred to SH with much lower absorption, the conversion efficiency gets improved when the gap becomes larger. Despite the SHG efficiency, it is necessary to stress that the mode area is another important factor to evaluate capability of this waveguide, which can be extremely small for the thin gap case (NMA ∼ 0:08 of FF for 20 nm gap) and increases with the gap thickness, as shown in Fig. 3(c) . When the gap reaches a considerably large value, the NMA tends to be unchanged because it is mainly determined by the pure SPP mode since the coupling is weak enough. In addition, we should notice that the peak position of SH also increases monotonously with the gap thickness, which means the maximum efficiency will be achieved in a farther distance if a larger gap is adopted, though it has a higher efficiency. Therefore, the proper choice of gap thickness in this SHG process is subject to trade-off between efficiency, mode area, and conversion rate (related to the peak position) as it is adopted in specific applications.
Besides, the influences of the height and width of the LN waveguide on the conversion efficiency and coupling coefficient are also analyzed as the results show in Fig. 4 . Since the optical-field tends to concentrate in materials with a larger refractive index, increasing the size of the LN waveguide can reduce the field inside the silver film and lower the absorption in the metal, which will surely improve the conversion efficiency. In fact, the height of the LN waveguide plays a more important role in dominating the conversion efficiency compared with the width. The increase of the waveguide height effectively reduces the proportion of fields that penetrate into the air above and, thus, improves the mode-overlap and coupling coefficient. On the other hand, though the increase of waveguide width may attract more fields inside the LN part, it also undesirably reduces the power density. Consequently, the coupling coefficient increases at first and then drops slowly with widths ranging from 300 nm to 600 nm [see Fig. 4(b) ].
To see the advantages of our proposed nonlinear plasmonic structure more clearly, we also explore the quasi-phase-matched SHG in a simple dielectric-loaded waveguide without gap (gap ¼ 0, w ¼ h ¼ 500 nm, incident power ¼ 1 W). Both the FF and SH are SPP mode in this case, and the field enhancement near to the metal surface greatly improves the field overlap between FF and SH. The coupling coefficient is about 4:36 × 10 −12 s · m −1 · W −1=2 , twice as much as that of the structure discussed above. However, the calculated SHG efficiency is only about 0.024%, much lower than this gapemployed waveguide. Although a large coupling coefficient in the no-gap waveguide means a higher conversion rate at the beginning that is beneficial to the SHG process, the high absorption loss of the SPP modes damages this advantage and the efficiency is surpassed by that of the gap-employed structure after only about 30 ∼ 40 μm propagation.
In conclusion, we theoretically proposed a nonlinear plasmonic waveguide with hybrid modes capable of good field confinement and low propagation loss, in which efficient SHGs were achieved from a SPP-like FF to a waveguide-like SH. In this waveguide, the air gap plays a dual role in confining the optical-field and reducing the mode loss, which improves the conversion efficiency with small mode area. Moreover, the influences of structural parameters on several important aspects of the SHG process were analyzed in detail, which considerably provides implications to optimize this nonlinear plasmonic waveguide for a particular purpose in plasmonic circuits or other manipulation of optical signals.
